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In this work, we experimentally study a metamaterial made of eight superconducting transmon
qubits with local frequency control coupled to the mode continuum of a superconducting waveguide.
By consecutively tuning the qubits to a common resonance frequency we observe the formation of
super- and subradiant states as well as the emergence of a polaritonic bandgap. Making use of the
qubits strong intrinsic quantum nonlinearity we study the saturation of the collective modes with
increasing photon number and electromagnetically induce a transparency window in the bandgap
region of the ensemble, allowing to directly control the band structure of the array. The moderately
scaled circuit of this work extends experiments with one and two qubits [1, 2] towards a full-
blown quantum metamaterial, thus paving the way for large-scale applications in superconducting
waveguide quantum electrodynamics.
INTRODUCTION
The recent advances in the field of quantum informa-
tion processing has led to a rising demand to explore new
systems beyond cavity quantum electrodynamics (QED).
One promising candidate is waveguide QED, where quan-
tum systems interact coherently with the mode contin-
uum of a waveguide instead of a cavity. After the pioneer-
ing works with single qubits, including the demonstra-
tion of resonance flourescence [1], quantum correlations
of light and single photon routers [3], attention shifted to
multiple qubits coupled to a common waveguide. It was
derived [4] and experimentally verified [2] that multiple
qubits obtain an infinite range photon mediated effec-
tive interaction which can be tuned with the inter-qubit
distance d. Furthermore, the shared collective excita-
tions are of polaritonic nature with lifetimes ranging from
extremely sub- to superradiant relative to the radiative
lifetime of the individual qubits [5, 6]. The strong in-
trinsic nonlinearity of the qubits was recently shown to
give rise to partially localized polaritons [7], topological
edge states [8, 9], and quantum correlations in the scat-
tered light of the array [10]. With respect to quantum
information processing, multi-qubit waveguide QED sys-
tems could be harnessed in numerous applications such as
on demand, highly efficient creation of multi-photon and
entangled states [11–13], storage devices for microwave
pulses [14], atomic mirrors [15], number-resolved photon
detection [16], slow and even stopped light [17].
Experimentally, waveguide QED systems have been real-
ized on several platforms including atoms [18], quantum
dots coupled to nanophotonic waveguides [19] and defect
centers in diamonds [20]. Even though superconducting
qubits feature advantages such as frequency control, high
coherence, near perfect extinction and absence of posi-
tion and number disorder, superconducting multi-qubit
waveguide QED systems have been studied only recently
to some extend [21, 22].
Here, we investigate the mode spectrum of a metamate-
rial formed by a densely spaced array of eight supercon-
ducting transmon qubits coupled to a coplanar waveg-
uide. By employing dedicated flux-bias lines for each
qubit, we establish control over their transition frequen-
cies. Thus we are able to alter the number of reso-
nant qubits N at will, allowing us to observe super- and
subradiant modes as well as the gradual formation of a
bandgap. Our spectroscopic measurements show, that
through this control the global optical susceptibility of
the metamaterial can be tuned. A demonstration for
the collective Autler-Townes splitting of 8 qubits is pre-
sented, which marks an important step towards the im-
plementation of quantum memories.
EXPERIMENT
The sample under investigation is depicted in Fig. 1(a).
The spacing d between adjacent qubits is 400µm, which
is smaller than the corresponding wavelength λ at all
accessible frequencies (ϕ = 2piλ d = 0.05 − 0.16). The
dense spacing is chosen in order to increase the width
of the expected bandgap of ∆ω = Γ10/ϕ  Γ10 and
to fulfil the metamaterial limit of subwavelength dimen-
sions [23]. Here Γ10 is the radiative decay rate of the
individual qubits into the waveguide. The qubits are
overcoupled, ensuring a multi-mode Purcell-limited rate
Γ10 ≈ 40 MHz for high extinction and, simultaneously,
better subradiant state visibility. All qubits are individ-
ually frequency controllable between 3 and 8 GHz by
changing the critical currents of the qubit SQUIDs with
local flux-bias lines. We compensate unwanted magnetic
crosstalk between the flux-bias lines and neighbouring
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2qubits by extracting and diagonalising the full mutual
inductance matrix M . This allows us to counteract the
parasitic crosstalk flux by sending appropriate currents
to all qubits, which are not actively tuned. With this
calibration scheme we achieve precise control over the
individual qubit frequencies. We estimate the residual
crosstalk to be smaller than 10−3. The effective Hamil-
tonian of this system, after formally tracing out photonic
degrees of freedom, is described by [6],
Heff
~
=
8∑
j
(ωjb
†
jbj+
χj
2
b†jb
†
jbjbj)+i
Γ10
2
8∑
k 6=j
b†kbje
−iωdc |k−j|,
(1)
with the bosonic creation operator b†j |0〉 = |ej〉, excit-
ing the j-th qubit at frequency ωj ; where we assume a
∝ e+iωt time dependence of the excitations. Here, χj is
the qubit anharmonicity for which we find spectroscopi-
cally weakly varying values around −275 MHz. The last
term of Heff describes the effective qubit-qubit coupling.
Due to the specific choice of small d its imaginary part
dominates over the real part, leading to a suppressed
exchange type interaction between the qubits. The ex-
pected eigenfrequencies ωξ of Heff in the single excitation
limit and χ→ 0 are shown in Fig. 2(a).
RESULTS
First, we characterize the mode spectrum of the meta-
material in dependence on the number of resonant qubits
N by measuring the transmission coefficient S21(ω) while
the qubits are consecutively tuned to a common reso-
nance frequency at ωr/2pi = 7.898 GHz, compare Fig. 1
(b) and Fig. 2 (a). The incident photon power Pinc is kept
below the single-photon level (Pinc  ~ωΓ10) to avoid
saturation of the qubits. For a single qubit, the well
known resonance-fluorescence was observed as a single
dip in transmission [1]. By fitting the complex transmis-
sion data to the expected transmission function S21(ω)
(see e.g. [3]) the individual coherence properties of all
8 qubits at ωr can be extracted (not shown). We find
the average radiative rates Γ10 = 40 MHz and the intrin-
sic non-radiative rates Γnr = 1.5 − 3.5 MHz. For N ≥ 2
resonant qubits the system becomes multimode and the
super- and subradiant polariton modes start to emerge.
The superradiant mode is manifested as a wide transmis-
sion dip above ωr, the subradiant modes can be identified
as transmission peaks below ωr. We note that the peak
shape is created by Fano interference of the sub- and the
superradiant modes (see Supplementary Material), which
also causes the calculated eigenfrequencies of Heff to not
exactly coincide with the maximum of the peaks in Fig. 1
(b) and Fig. 2(a). For N ≥ 6 qubits a second darker
subradiant mode is visible between ωr and the brightest
subradiant mode. The limiting factor for the observation
reflectiontransmission detection
-70 dB
(a)
(b)
100 μm
500 μm
-70 dB
Figure 1. (a) Optical micrograph of the metamaterial. It is
composed of 8 superconducting transmon qubits capacitively
coupled to a coplanar waveguide. Local flux-bias lines provide
individual qubit frequency control in the range 3−8 GHz. (b)
Transmission |S21| for different numbers N of resonant qubits
at ωr/2pi = 7.898 GHz and low drive powers. With increasing
N , the emergence of subradiant states (visible as peaks in
transmission) can be observed. Black dotted lines are fits to
the expected transmission using a transfer matrix calculation.
Black arrows mark calculated frequencies of the two brightest
subradiant states for N = 8.
of the subradiant states is the intrinsic qubit coherence
as given by Γnr, setting a upper threshold for the maxi-
mum observable lifetime. Darker subradiant states with
Γξ < Γnr decay in the qubits into dielectric channels or
dephase due to flux noise in the SQUIDs before they
are remitted into the waveguide. The observed trans-
mission coefficient |S21| is in good agreement with the
calculated transmission based on a transfer matrix ap-
proach [24]. The asymmetric lineshape of the resonances
is a parasitic effect caused by interference of the signal
with low-Q standing waves in the cryostat [25]. We ac-
count for this effect in the transfer matrix calculation by
adding semi-reflective inductances in front and after the
qubit array. As shown in Fig. 2(a), a frequency region of
strongly suppressed transmission with |S21|2 < −25 dB
is opening up above ωr with increasing N . This effect is
associated with the emergence of a polaritonic bandgap,
where the effective permittivity becomes purely imagi-
nary, as expected for any kind of resonant periodic struc-
tures [23, 26]. For N = 8 qubits we extract a bandgap
bandwidth of ∆ω ≈ 1.9Γ10. Compared to the expected
3(b)
(a)
Figure 2. (a) Dependence of absolute transmission |S21|2
on the number of resonant qubits N . Crosses mark calcu-
lated eigenfrequencies ωξ of Heff and their corresponding ra-
diative decoherence rates Im(ωξ)/Γ10 (color coded). With
increasing N a bandgap of strongly supressed transmission
opens up. (b) Measured decoherence rates Γξ of the brightest
(blue crosses) and second brightest (orange crosses) subra-
diant states. Orange and blue solid triangles are calculated
lifetimes Im(ωξ)/Γ10, the green line is the analytical result
Γξ = 4N
3ϕ2/pi4. For the brightest subradiant state a scaling
Γξ ∝ N3 is found.
bandgap width of ∆ω = Γ10/ϕ ≈ 6.3Γ10 of the structure
for N →∞ this places our system size in the transition-
ing regime between a single atom and a fully extended
metamaterial with a continuous mode spectrum.
The radiative decay rates Γξ of the observed subra-
diant states shown in Fig. 2(b) are extracted by fitting
Lorentzians to the corresponding modes in the reflection
data (not shown). It can be generally shown, that |S21|
indeed obtains a Lorentzian shape in the vicinity of each
ωξ [24, 27, 28]. We find that the rate of the brightest
subradiant states scales with Γξ ∝ N3, which we also
find analytically for densely packed qubit structures with
ϕ  1 from Heff (see Supplementary Material). The
found scaling is the complementary asymptotic of the
theoretically predicted Γξ ∝ N−3 law for the darkest
subradiant modes in references [5, 6, 26].
The control over the mode spectrum can be further
elaborated with the off-resonant situation, where one
qubit has a finite detuning ∆ from the common resonance
frequency ωr of the residual qubits by sweeping it through
the common resonance as shown in Fig. 3(a). Here, qubit
8 is tuned through the collective resonance of qubits 1-7.
(b)
(a)
Figure 3. (a) Measured absolute reflection |S22| for N = 7
resonant qubits at ωr/2pi = 7.897 GHz (solid black line) and
qubit 8 being tuned through the collective resonance (black
dashed line). (b) Calculated reflection with transfer matrix
method and relevant eigenfrequencies of Heff (dash dotted
lines) show good agreement with experimental result in (a).
The vertical line indicates the resonance with ω8 = ωr, corre-
sponding to the situation observed in Fig. 1.
For large detunings |∆|  Γ10 the modes of the ensemble
and qubit 8 are not hybridized (not shown). For smaller
detunings an additional partially hybridized subradiant
mode appears, which becomes for ∆ ≈ 0 the brightest
subradiant state of the fully hybridized 8-qubit system.
The result is in good agreement with the transfer matrix
calculation and direct diagonalization of Heff as shown
in Fig. 3(b). The level repulsion between the eigenstates
is caused by the residual exchange-type interaction be-
tween the qubits due to the finite inter-qubit distance d.
In Fig. 3 there are several blind spots where the subra-
diant states turn completely dark, occurring when the
frequency of the detuned qubit matches the frequency of
a dark mode. This is explained by the Fano-like inter-
ferences [29] between the detuned qubit resonance and
the modes of the resonant qubits, which are analyzed in
more detail in the Supplementary Material (see Fig. S4).
The intrinsic quantum nonlinearity of the system due
to the anharmonic nature of the qubits can be probed by
increasing the microwave power beyond the single photon
regime (Pinc > ~ωΓ10). At higher power the 0→ 1 tran-
sition of a single qubit will start to saturate and trans-
mission at resonance will increase back to unity [1], see
Fig. 4(a), right panel. We could experimentally verify
the prediction of the saturation of an ensemble of reso-
4|2〉
|1〉
|0〉
ωc, Ωc
ωp, Ωp
Ωc
(b)(a)
Figure 4. (a) Left panel: Absolute power transmission |S21|2 for N = 8 resonant qubits shows saturation with increasing power
due to the anharmonic level structure of the transmons. Right panel: Comparison between the saturation of |S21|2 at ωr for a
single qubit and N = 8 qubits. (b) Left panel: Schematic illustration of the Autler-Townes effect for a ladder-type three-level
system. A control tone is driving the 1 → 2 transition with Rabi strength Ωc and frequency ωc, while a weak tone is probing
the transmission of the 0 → 1 transition. Right panel: Experimental demonstration of the collective Autler-Townes splitting
for N = 8. The red dashed line marks the fitted level separation to Ωc.
nant qubits at higher drive rates of Refs. [1, 4], which can
be observed in Fig. 4(a). We point out that all spectro-
scopic features of the metamaterial, such as super- and
subradiant modes as well as the bandgap, are saturable.
The power P50% needed to saturate the transmission at
ωr to 50% (|S21|2 = 0.5) grows with an approximate scal-
ing ∝ ln(N). The observed quantum nonlinear behavior
establishes a border to previously studied metamaterials
consisting of harmonic resonators rather than qubits [30].
Furthermore the anharmonic level structure of the trans-
mon can be used to electromagnetically open a trans-
parency window around the frequency of the 0→ 1 tran-
sition, by employing the Autler-Townes splitting (ATS)
[31]. As indicated in the left panel of Fig. 4 (b), a coher-
ent control tone with Rabi strength Ωc and frequency ωc
drives the 1→ 2 transition, while a weak microwave tone
with Ωp  Ωc is probing the transmission at frequencies
ωp around the 0 → 1 transition. The control tone is
dressing the first qubit level, creating two hybridized lev-
els, which are separated proportionally to its amplitude,
and is therefore creating a transparency window with re-
spect to the probe. To the best of our knowledge this
effect was so far only demonstrated for a single qubit in
superconducting waveguide QED, leading to applications
like single photon routers [3]. Here, we observe the col-
lective ATS for up to N = 8 resonant qubits (Fig. 4, right
panel). Analogously to the single qubit case, the observed
level splitting is proportional to Ωc. At control tone pow-
ers > −110 dBm the bandgap is rendered fully transpar-
ent and transmission close to unity is restored. In the
experiment we find slightly smaller than unity values of
|S21| ≈ 0.75 due to the interference of the signal with
the microwave background. In the bandstructure pic-
ture the collective ATS can be understood as the dressed
states of the individual qubits giving rise to two indepen-
dent Bloch bands [32]. As pointed out in reference [32]
the collective ATS demonstrates active control over the
bandstructure of the metamaterial via the parameters ωc
and Ωc. The observed splittings are in agreement with
a transfer matrix calculation and a full master equation
simulation (see Supplementary Material). Minor devia-
tions are caused by imperfect qubit tuning and differing
qubit anharmonicities of about σχ ≈ 10 MHz. We ar-
gue here that the single photon router concept with a
single qubit can significantly be improved with multiple
qubits, which form a much wider stop-band with higher
saturation power, thus permitting to route also multiple
photons.
CONCLUSION
We demonstrated a fully controllable quantum meta-
material consisting of 8 densely packed transmon qubits
coupled to a waveguide. Such intermediate system size
combined with individual qubit control allowed us to ex-
plore the transition from a single mode regime to a con-
tinuous band spectrum. By tuning the qubits consec-
utively to resonance, we observed the emergence of a
polaritonic bandgap, and confirmed the scaling of the
brightest dark mode decay rate with the qubit number.
Active control over the band structure of the ensemble
was demonstraded by inducing a transparency window
in the bandgap region, using the Autler-Townes effect.
Our work promotes further research with higher qubit
numbers to realize a long-living quantum memory.
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6Fabrication
The sample shown in this work are fabricated with two consecutive lithography steps from thermally evaporated
aluminum in a Plassys Shadow evaporator on a 500 µm sapphire substrate. In the first step solely the qubits are
patterned with electron beam lithography. The Josephson junctions are patterned with a bridge-free fabrication
technique [33] using a PMMA/PMMA-MMA double resist stack. Before the double-angle evaporation the developed
resist stack is cleaned with an oxygen-plasma to remove resist residuals in the junction area, which is believed to
strongly reduce the junction aging [33]. In a second optical lithography step we pattern the CPW-waveguide and the
groundplane in a liftoff-process on PMMA.
The SQUIDs are formed by two Josephson junctions, enclosing an area of 560µm2. The junction areas are 0.078 and
0.12µm2 with a designed asymmetry of 17%. The Chip is glued in an aluminum housing.
Qubit characterization
For the amplitude reflection coefficient of a driven two-level system side-coupled to a waveguide r we use the
expression [3]
r = − Γ10
2γ10
1− iω−ω10γ10
1 +
(
ω−ω10
γ10
)2
+
Ω2p
(Γ10+Γl)γ10
, (S1)
where ω10 is the resonance frequency of the 0-1 transmon transition. The decoherence rate γ10 = Γ10/2 + Γnr is the
sum of radiative decay Γ10 and non-radiative decay rates Γnr = ΓΦ +
∑
l Γl/2. Here ΓΦ accounts for pure dephasing
of the qubit and Γl for all non radiative relaxation channels. In the approximation that the non-radiative relaxation
is negligible compared to the pure dephasing rate we can assign the typical coherence times T1 = 1/Γ10, T2 = 1/γ10,
TΦ = 1/Γnr to these rates. The approximation is justified since here Γnr is strongly dominated by flux noise in the
SQUID. We define the extinction coefficient as (1 − Γ10/2γ10)2, measuring the suppression of power-transmission at
very low drive powers. The complex transmission is given by t = 1 + r.
In order to extract the lifetimes of the individual qubits we use a circle fitting procedure [34] to fit equation S1
to the measured complex transmitted signal in the limit of weak driving Ω2p  (Γ10 + Γl)γ10. An exemplary fit to
the complex transmission data of qubit 1 at 7.88 GHz, showing the resonance-florescence, is depicted in Fig. S1.
Due to the local dc flux-bias lines every qubit can be tuned in its transition frequency between its upper and lower
(a) (b)
(c)
Figure S1. a) Complex S21 transmission signal of qubit 1 at 7.88 GHz with normalized background at low power. Red line is
circle fitted theory (Eq. S1). b) |S21|2 transmission signal. c) Arg(S21).
sweetspot, ranging between 3 and 8 GHz. By fitting the SQUID-dispersion we extract the exact sweetspot positions
(fmin01 , f
max
01 ) in table 1. Furthermore the qubit anharmonicities χ around the upper sweet spot can be extracted by
7Table 1. Measured individual qubit properties around 7.9 GHz and upper- and lower-sweetspot positions fmin01 , f
max
01 .
Parameter Qubit 1 Qubit 2 Qubit 3 Qubit 4 Qubit 5 Qubit 6 Qubit 7 Qubit 8
T1 (ns) 27.6 22.5 22.4 20.0 22.0 27.6 28.0 34.3
T2 (ns) 51.0 41.4 41.4 35.7 39.9 47.7 47.9 55.3
TΦ (ns) 665.1 520.0 557.6 334.6 422.9 351.1 329.0 284.0
Ext. Coeff % 99.4 99.4 99.4 98.7 99.1 98.2 97.9 96.2
χ/2pi (MHz) 283 279 273 275 267 281 273 276
fmax01 (GHz) 8.097 7.900 8.088 8.114 8.115 7.95 8.066 8.136
fmin01 (GHz) 3.029 3.091 2.912 2.986 2.970 2.936 2.588 2.484
measuring the Autler-Townes splitting of all qubits. We note that the data presented in this work was measured
in several consecutive cooldowns, leading to slightly changed sweetspot positions of around 20 MHz due to junction
aging. Table 1 shows the extracted lifetimes around 7.9 GHz, the frequency of the lowest upper sweetspot and thus
the most favourable position for the experiments in the main text.
Magnetic crosstalk calibration
The fluxes (Φ1...Φ8) in all SQUIDs are related with the applied currents via the mutual inductance matrix M:
Φ1
Φ2
Φ3
Φ4
Φ5
Φ6
Φ7
Φ8

=

M11 M12 M13 M14 M15 M16 M17 M18
M21 M22 M23 M24 M25 M26 M27 M28
M31 M32 M33 M34 M35 M36 M37 M38
M41 M42 M43 M44 M45 M46 M47 M48
M51 M52 M53 M54 M55 M56 M57 M58
M61 M62 M63 M64 M65 M66 M67 M68
M71 M72 M73 M74 M75 M76 M77 M78
M81 M82 M83 M84 M85 M86 M87 M88


I1
I2
I3
I4
I5
I6
I7
I8

(S2)
The mutual inductance matrix elements can be extracted by observing the transmission through the 8 qubit chip at a
(b)(a)
Figure S2. (a) Mutual inductance matrix between the bias coils. (b) Transmission measurement with qubit 2 being tuned,
while crosstalk calibration is used. Horizontal lines are the other 7 qubits, not changing their frequency.
fixed frequency while simultaneously tuning the frequency of two qubits x and y through this observation frequency by
tuning the currents Ix and Iy. The observation frequency is chosen such that the qubits have a steep flux-dispersion.
We assume that the qubit frequencies are proportional to the fluxes in their coils, which is satisfied for not too large
8frequency changes. From the equation above we get:
const = Φx = MxxIx +MxyIy → Iy = −Mxx
Mxy
Ix +
Φy
Mxy
(S3)
const = Φy = MyyIy +MyxIx → Ix = −Myy
Myx
Iy +
Φx
Myx
(S4)
Therefore, by fitting the slopes of the two qubit lines visible in this measurement, the mutual inductance matrix
elements
Mxy
Mxx
and
Myx
Myy
can be extracted. In case of an 8-qubit chip all 28 possible combinations between two coils
have to be measured and fitted. The extracted mutual inductance matrix (with each element normalized to the
diagonal element of its line) for the 8-qubit chip is shown in Fig. S2(a). The figure shows that only the nearest
neighbor coupling goes beyond 10% of the self-inductance. The crosstalk is only large for every second pair of
neighbors, due to the specific placement of the on-chip bond-wires on this sample.
As soon as the mutual inductance matrix is known the crosstalk can be compensated by setting a compensation
current to all seven other coils while one qubit is effectively tuned. If, for example, qubit 4 is effectively tuned, the
compensation currents for all other coils can be calculated by solving the following system of linear equations:

0
0
0
0
0
0
0

!
=

Φ1
Φ2
Φ3
Φ5
Φ6
Φ7
Φ8

=

M11 M12 M13 M14 M15 M16 M17 M18
M21 M22 M23 M24 M25 M26 M27 M28
M31 M32 M33 M34 M35 M36 M37 M38
M51 M52 M53 M54 M55 M56 M57 M58
M61 M62 M63 M64 M65 M66 M67 M68
M71 M72 M73 M74 M75 M76 M77 M78
M81 M82 M83 M84 M85 M86 M87 M88


Icomp1
Icomp2
Icomp3
I4
Icomp5
Icomp6
Icomp7
Icomp8

(S5)
Figure S2(b) shows the applied compensation procedure while only qubit 2 is effectively tuned. We estimate the
residual crosstalk to be below 1h.
Transfer matrix approach
TL1 TL2TΦ2TΦ1 TΦ TQ8TQ1 TΦTQ2 TQ7V L1
V R1
V L2
V R2
Figure S3. Schematic representation of the transfer matrix
The transfer matrix connects the ingoing and outgoing field amplitudes of a two-port network in the following way
[24]: (
V R2
V L2
)
= T
(
V R1
V L1
)
(S6)
For a combined network of multiple subsystems in series, the total transfer matrix Ttot is the product of the individual
transfer matrices. The transmission- S21 and reflection-coefficient S22 can be recovered from Ttot with the following
relations (assuming V L2 = 0 for transmission experiment and V
L
1 = 0 for reflection experiment):
V L1
V L2
=
1
T tot22
= S21 and
V L2
V R2
=
T tot21
T tot11
= S22 (S7)
9The full system under consideration is depicted in Fig. S3. To be able to account also for the asymmetric line shape as
measured in the experiment, we include two inductances L1,2 on the edges of the system, acting as semi-transparent
mirrors. The total transfer matrix then reads:
Ttot = T
L2Tϕ2TQ8Tϕ...TϕTQ2TϕTQ1Tϕ1TL1 (S8)
TQn is the transfer matrix of the n-th qubit and is given by:
TQn =
(
1+2r
1+r
r
1+r
− r1+r 11+r
)
(S9)
with r being the reflection coefficient of the qubit, eq. (S1). Even though it is in the transfer matrix approach well
possible to account for qubits with differing properties, we make the assumption that all qubits are identical in order
to reduce the number of free parameters for the fitting procedure. Tϕ accounts for the propagation along a bare piece
of transmission line:
Tϕ =
(
exp (−iϕ) 0
0 exp (iϕ)
)
(S10)
ϕ = kl = ωc l is the phase which is accumulated, with length l and phase velocity c. For the specific choice of Sapphire
substrate and a waveguide in cpw-geometry (gap: 7.7µm, center: 14.4µm) we obtain c = 1.2 · 108 m/s.
TL is the transfer matrix of an inductor creating an impedance mismatch compared to the Z0 = 50 Ω environment:
TL =
(
1− iωL2Z0 − iωL2Z0
iωL
2Z0
1 + iωL2Z0
)
(S11)
Radiative linewidth scaling of subradiant modes with N
In order to extract the lifetimes of the polaritonic modes in the single excitation sector, we use only the last term
of Heff in the main text:
Hrs = i
Γ10
2
exp(−iϕ|r − s|) (S12)
with Hrs being the interaction matrix element between qubit r and s. The quantity ϕ =
ωr
c d is the phase between
two neighbouring qubits. The inverse Hamiltonian of (S12) [H−1]rs is exactly 3-diagonal:[35]
[H−1]rs =
2
Γ10

− 12 cotϕ− i2 12 sinϕ 0 · · ·
1
2 sinϕ − cotϕ 12 sinϕ · · ·
. . .
. . .
· · · 12 sinϕ − cotϕ 12 sinϕ
· · · 0 12 sinϕ − 12 cotϕ− i2

(S13)
This means that the Schro¨dinger equation
H−1ψξ =
1
ωξ
ψξ (S14)
written for the inverse Hamiltonian is just a tight-binding model. The radiative decay due to the photon escape into
the waveguide is present only at the edges of the qubit array and can be calculated as a perturbation. For the lower
polariton branch we obtain [5, 36]:
Γ10/2
ωξ
= − 2
ϕ
sin2
k
2
− 2i
N
cos2
k
2
, k =
ξpi
N
(S15)
with ξ = 1, 2, ...N − 1 being the eigenmode number, sorted from the brightest one (largest linewidth = Imωξ) to the
darkest one (smallest linewidth). The answer Eq. (S15) can be most easily recovered in the limit ϕ  k  pi. In
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this case one can assume in Eq. (S13) that cotϕ ≈ 1/ sinϕ = 1/ϕ. Neglecting the radiative decay, the Schro¨dinger
equation Eq. (S14) then yields the usual parabolic dispersion,
Γ10/2
ω
(0)
ξ
= − k
2
2ϕ
, ψξ,s =
√
2
N
cos k(s− 12 ) . (S16)
Now we take into account the radiative decay in Eq. (S13) by considering the imaginary terms in the first order of
the perturbation theory:
Γ10/2
ωξ
=
Γ10/2
ω
(0)
ξ
− i
2
(|ψξ,1|2 + |ψξ,N |2) = − pi
2ξ2
2ϕN2
− 2i
N
, (S17)
which is equivalent to Eq. (S15) in the considered limit of small ξ  N . Inverting Eq. (S17) we find for ϕ 1
Γξ = Im(ωξ) =
Γ10
2
N3
ξ4
8ϕ2
pi4
. (S18)
Subradiant mode supression due to the Fano-like interference
(b)(a)
Figure S4. (a) Reflection spectra from an array of 3 qubits where the first two are tuned to the the frequency ω0 (solid horizontal
line) and last one to ω0 + ∆ (dashed inclined line) vs. the last qubit detuning ∆. (b) Reflection spectra for three values of
detuning, that are indicated on the graph, and shown by the vertical lines in (a). Solid curves present the results of numerical
calculation using Eq. (S20), dashed curves have been obtained from the analytical Eq. (S24). Calculation has been performed
for ϕ = ω0d/c = 0.15.
In this section we consider light reflection from the N -qubit array where first N − 1 qubits are in resonance and
the last qubit is detuned from the resonance. Our goal is to explain analytically the disappearance of the reflection
dips for certain values of the detuning, for example at the frequency 7.894 GHz in Fig. 3(a) of the main text. In order
to obtain a better understanding of the resonances in the reflection, we use an approach based on the Hamiltonian
Eq. (S12). In the case when the inductances L1,2 at the waveguide edges, leading to additional reflections, are not
taken into account, this approach is exactly equivalent to the transfer matrix method [27, 28]. We start by solving
the equation for the dimensionless dipole moments of the qubits ψs induced by the incoming wave at the frequency
ω,
N∑
s=1
[Hrs + (ωs − ω)δrs]ψs = e−i(r−1)ϕ , r = 1 . . . N , (S19)
where we assume that the qubits are located at the points x = 0, d, . . . (N − 1)d. After the dipole moments ψs have
been found from the solution of the system Eq. (S19), the amplitude reflection and transmission coefficients r and t
11
are given by
r = − iΓ10
2
N∑
s=1
ψse
i(s−1)ϕ, t = 1− iΓ10
2
N∑
s=1
ψse
−i(s−1)ϕ . (S20)
In the Markovian approximation the phase ϕ = ωd/c in Eqs. (S19),(S20) is evaluated at the qubit resonance frequency,
ϕ = ω0d/c. Hence, Eqs. (S19),(S20) reduce to a standard input-output problem.
We will now illustrate the interferences in reflection for the specific case of N = 3 qubits with the resonance
frequencies ω0, ω0 and ω0 + ∆, respectively. Our goal is to examine the light-induced coupling between the resonant
dimer formed by the first two qubits with the last qubit and examine the Fano-like interferences in more detail. Since
we consider the situation when ϕ  1, we describe the first two resonant qubits by a symmetric superradiant state,
ψ1 = ψ2 =
1√
2
ψSR . As a result, the system Eq. (S19) in the reduced basis reads
(ω0 + iΓ10 − ω)ψSR + iΓ10
2
√
2
(e−iϕ + e−2iϕ)ψ3 =
1 + e−iϕ√
2
, (S21)(
ω0 + ∆ +
iΓ10
2
− ω
)
ψ3 +
iΓ10
2
√
2
(e−iϕ + e−2iϕ)ψSR = e−2iϕ .
and the reflection coefficient is given by
r = − iΓ10
2
(
1 + e−iϕ√
2
ψSR + e
−2iϕψ3
)
. (S22)
Now we restrict ourselves to the frequency range where the frequency is close to the detuned qubit resonance, i.e.
|ω − ω0 −∆|  ∆ . (S23)
In this spectral range the reflection coefficient Eq. (S22), obtained from the system Eq. (S21), can be approximately
presented as
r ≈ ir0
ω − ω0 −∆ + Γ102 (1/r∗0 − i)
ω − ω0 −∆ + Γ102 (r0 − i)
(S24)
where
r0 =
1
−i+ 13 (2∆/Γ10 + 5ϕ) + 4iϕ3 ∆/Γ10
, (S25)
and we assume that ϕ  1. Here, Eq. (S25) describes the slow varying background of the reflection coefficient
Eq. (S24). This background corresponds to the mode, where the third qubit oscillates in phase with the first two.
This interpretation becomes most clear in the regime where all the qubits are in the same point, ϕ = 0, so that
r0 =
3
−3i+ 2∆/Γ10 . (S26)
Equation Eq. (S26) describes just the resonant reflection determined by the superradiant mode of 3 qubits [15, 27].
The second factor in the reflection coefficient Eq. (S24) describes the resonant coupling of the last qubit with the
superradiant mode. This factor has a resonance at the frequency ω0 + ∆− Re r0Γ10/2 with the radiative decay rate
(1− Im r0)Γ10/2. Both the radiative decay and the position of the resonance depend on the phase of the background
reflection Eq. (S26) at the resonance frequency of the detuned qubit ω0 + ∆. This is very similar to the general
picture of Fano interference between two scattering channels with broad and narrow spectral resonances, resulting in
characteristic asymmetric spectral lines [29]. The reflection coefficient Eq. (S25) cannot be completely reduced to the
Fano equation because, contrary to the Fano case, both the superradiant mode and the last qubit mode are directly
coupled to the input and output channels in Eq. (S21). However, Eq. (S25) also yields asymmetric reflection spectra,
as is demonstrated by the calculation in Fig. S4. In this figure, similarly to Fig. 3 of the main text, we show the
numerically calculated reflection spectra depending on the detuning ∆. Right panel presents the spectra for three
values of the detuning (solid lines) compared with the analytical result Eq. (S24) (dashed lines). Similarly to Fig. 3
of the main text, Fig. S4 has a blindspot for the detuning 2∆/Γ10 = −0.75 = −5ϕ [vertical black line in Fig. 3(a)].
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The calculation in Fig. S4(b) demonstrates that the exact result is well described by the approximation Eq. (S24)
in the vicinity of the resonance of the detuned qubit. It can be seen, that for 2∆/Γ10 + 5ϕ = 0, the background
reflection coefficient Eq. (S25) becomes purely imaginary. As such, the background provides a constructively interfering
contribution at the last qubit resonance and results in the symmetric reflection peak. This is demonstrated by the
black curves in Fig. S4(b). When the last qubit frequency ω0 + ∆ is detuned from ω0 − (5/2)Γ10ϕ, the interference
stops being constructive, resulting in the asymmetric reflection resonances [blue and red lines in Fig. S4(b)]. The
two-mode model Eq. (S21), describing Fano-like interferences between the modes of the last qubit and the given mode
of first N −1 resonant qubits, has a very general character. It can be generalized for arbitrary values of N , explaining
the blind spots in Fig. 3 of the main text.
Transfer matrix approach to Autler-Townes splitting
In order to calculate the transmission of the collective Autler-Townes splitting of the qubit array, we use the transfer
matrix approach as described above, however based on the reflection of a dressed 3-level system as derived in [31]:
r3L = − Γ10
2[γ10 + i(ω − ω10)] + Ω2c2γ20+2i(ω−ω10+ωc−ω21)
(S27)
Here, a second driving control field with frequency ωc and Rabi strength Ωc is included. The probe field is assumed
to be weak (Ωp  γ10). The frequency of the 1 → 2 transition is ω21 and γ20 the dephasing rate of the 0 → 2
transition. We note that the transfer matrix approach does not include the scattering and interference effects of the
control tone in the array.
(a) (b)
Figure S5. a) Measured transmission of a collective Autler-Townes splitting with N = 8 resonant qubits. b) Calculated
Autler-Townes splitting based on the transfer matrix. (Used parameters: ω10
2pi
= 7.898 GHz, ωc
2pi
= 〈ω21
2pi
〉 = 7.623 GHz, Γ10 =
40 MHz, γ10 = 21.3 MHz, γ20 = 70 MHz)
Figure S5 shows the comparison between the measured 8 qubit ATS as presented in the main text and the transfer
matrix result with included cable resonance. All used model parameters for the calculation were extracted from the
fits shown in Figure 1(b) in the main text and fits to t3L(Ωc) = 1 + r
3L for the case of a single qubit and a resonant
pump and control tone. Small differences between simulation and calculation can be found in the fine-structure of
the two branches of the ATS. The features can be qualitatively reproduced in the calculation giving the qubits small
detunings from perfect resonance.
Normalization procedure of spectroscopic data
We normalize the transmission data by dividing the raw data Sraw21 by the transmission data at high powers S
sat
21 :
Scalib21 (ω) = S
raw
21 (ω)/(aS
sat
21 (ω)), where a ≈ 1 is a constant factor accounting for weak fluctuations of the amplifier
gain. Reflection data is normalized by dividing the raw data Sraw22 with its maximum value at the qubit resonance
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frequency fr: S
calib
22 = S
raw
22 /S
raw
22 (fr). This approximation is justified for the sample under investigation since the
extinction of single and multiple qubits is very close to 1. A more rigorous normalization of the data based on energy
conservation |S21|2 + |S11|2 ≈ 1 is not applicable, because here, we measure transmission and reflection coefficients
from two different sides of the sample as pointed out in the main text. In any experimental system the insertion losses
due to impedance mismatches of the feedline can not be avoided. Since they are in general not symmetric on both
sides of the sample |S11| 6= |S22| and therefore |S21|2 + |S22|2 6= 1 .
